A1 ,4,2,3-diazadiborinine derivative was found to form Lewis adducts with strongt wo-electron donors such as N-heterocyclica nd cyclic (alkyl)(amino)carbenes. Depending on the donor,s ome of these Lewis pairs are thermally unstable, converting to sole B,N-embedded products upon gentle heating. The products of these reactions, which have been fully characterizedb yN MR spectroscopy,e lemental analysis, and single-crystal X-ray diffraction, were identified as B,N-heterocycles with fused 1,5,2,4-diazadiborepine and 1,4,2-diazaborinine rings. Computational modelling of the reaction mechanism provides insighti nto the formation of these uniques tructures, suggestingthat as eries of BÀH, CÀN, and BÀBb ond activation steps are responsible for these "intercalation"r eactions between the 1,4,2,3-diazadiborinine and NHCs.
Introduction
The development of stable, isolable carbenes by Bertrand [1] and Arduengo [2] in the early 1990s has revolutionized the modernc hemical landscape. N-heterocyclic carbenes (NHCs), for example, have found widespread use in an umber of fields such as transitionm etal chemistry [3] [4] [5] [6] [7] [8] and catalysis. [9] [10] [11] [12] Additionally,t heir strong two-electron donating capabilities have provedc riticalf or the isolation of various exotic, low-valent main-group species. [13] [14] [15] Althought he success of NHCs in these applications is predicated on their robust nature, [16] the susceptibility of these carbenes to CÀNb ond cleavage has been known for many years. [17, 18] It has since become apparent that NHCs readily undergo ring-expansion reactions (RERs) in the presence of variousE ÀHh ydrides at elevated temperatures, generating the wide variety of ring-expanded products shown in Scheme1.E arly reports by the groupso fH ill [19] and Radius [20] established that beryllium and silicon hydridesc ould insert into the CÀNb onds of both bulkya nd non-bulky NHCs, with concomitant hydride migration to the carbeneCatom. Later work by the research groups of Crudden, [21] Inoue, [22] Marder, [23, 24] Radius, [25] [26] [27] Rivard, [28] and Stephan [29] were able to extend this reactivity pattern to other EÀHs ubstrates (E = Al and B) and NHCs, [25, 28] as well as demonstrate that diboron(4) reagentss uch as bis(catecholato)diboron(4)c an participate in ar elatedB ÀBb ond activation/B insertion reaction. [23, 24, 27, 30] Despite the growing number of RERs reported in the literature, to the best of our knowledge,C ÀNb ond activation of NHCs with heterocycles containing endocyclicE ÀHf unctionalities remains completely unknown.
As part of our ongoing efforts to access novel diboranes, we recently reported the facile and quantitative synthesis of the first cis-1,2-dihydrodiborane(4) (1), shown in Scheme 2. [31] This B 2 N 2 C 2 heterocycle,aderivative of 1,4,2,3-diazadiborinine, is a B,N isostere of benzene, in which two of the C=Cb onds have been replaced by isoelectronic and isostructural BÀNu nits. Unlike mono-substituteda zaborines, whicha re aromatic, [32] the 1 H/ 11 Bn uclear magnetic resonance (NMR) data of 1 indicates that the BÀNu nits possess more localized B=Nc haracter.A s such, we postulated that the boron centers in 1 should retain some of their Lewisa cidity and thus be able to form adducts with strong donors such as carbenes (2a-2c;Scheme 2). Given the proximityo fB ÀHa nd NHC groups in 2a/2b,t hermalR ERs should be accessible to these systems, yieldinganew class of bicyclic B,N-heterocycles. Indeed, heating 2a/2b in solution overnight resultsi nt he clean formation of diazadiborepines 3a/3b shown in Scheme 2, which represent the very first exampleso fN HC RERs with an endocyclic BÀHs ubstrate. In the case of 2c,i nsertion of the cyclic (alkyl)(amino)carbene cAAC Me (see Scheme 2f or structure)i nto the BÀHb ond of 1 is observed withoutt he accompanyingR ER. Thes ynthetic, spectroscopic,a nd mechanistic details of this new NHC-azaborinine ring fusion reaction are presented herein.
Results and Discussion
The carbene-diazadiborinine adducts 2a and 2b were synthesized in good yields (70-80 %; > 95 %p urity) according to the reaction shown in Scheme 2. Regardless of the reaction conditions, combining cAAC Me and 1 resulted in the formation of 2c as well as av ariety of unidentifiable side-products.T herefore, 2c could only be isolated in low yield (12 %) following recrystallization from pentanea tÀ30 8C. All three compounds were fully characterized by multinuclear NMR spectroscopy ( 1 H, 13 C, and 11 B) and elemental analysis (EA). At room temperature, the NMR resonances of 2b are all significantly broadened. Therefore, the 1 Ha nd 13 CNMR spectroscopicd ata of 2b werec ollected at À20 8C, whereas its 11 BNMR spectrum was recorded at 20 8Ct op revent quadrupolar line broadening. [33] The 11 BNMR spectra of 2a and 2b both showedt wo signals at 54 and À16 ppm, indicative of distinct chemical environments arounde ach boron atom. The 1 HNMR spectra of 2a showed two separate resonances for the vinylene hydrogens on the ligand (doublets at 5.65 and 5.02 ppm; 3 J HH = 5.8 Hz) and hydrides attached to boron (broad singletsa t5 .75 and 3.61 ppm), consistentw ith its unsymmetrical structure (see Supporting Information for details). Despite its bulky mesityl groups,t he diazadiborinine 2a experiences minimal steric crowding, as evidencedb yt he NÀCH 3 substituents of NHC Me , which resonate as ab road singleta t3 .3 ppm. Compound 2b possesses many of the same NMR spectroscopic features as 2a,except for the o-methyl signals of the four mesityl substituents in 2b,w hich all appear as broad, resolved singlets in the upfield 1 HNMR region due to considerable steric hindrance. Unlike 2a/2b,c ompound 2c only shows as ingle 11 BNMR spectroscopic resonance at 47 ppm, as this BÀHa ctivation product still containst wo trigonal planar boron atoms. Once again, 2c is mildly encumbered, as suggested by the resolved -CH(CH 3 ) 2 isopropyl resonances at 4.58 and 3.15 ppm, respectively (septets; 3 J HH = 6.9 Hz).
Single crystals of 2b and 2c suitable for X-ray diffraction were obtained by slow evaporation of saturated Et 2 Os olutions at À30 8Cand their X-ray structures are shown in Figure 1 . Similar to compound 1,b oth 2b and 2c are quasi-planar,w ith N1-B1-B2-N2 and N1-C1-C2-N2t orsion angles of < 58.I nf act, the bondingp arameters of 1 and 2c are very similar since cAAC Me insertioninto the BÀHbond barely impacts the overall molecular structure.
Conversely, 2b exhibits significantly different BÀNb ond lengths due to sp 3 -hybridization at the carbene-bound Ba tom (B1ÀN1 = 1.408 vs. B2ÀN2 = 1.570 ), which can no longer accept electron density from the lone pair on N2. Notably,t he B2ÀN2 bond length in 2b is still in the range expectedf or a BÀNb ond with some p-bonding character, [34] possibly due to the weakerB 2 ÀC1 bond resulting from steric constraints. Despite its congested structure,t he central six-membered ring in 2b retains its nearly planar orientation. Single crystals of 2a could not be obtained, as each attempted recrystallization of 2a yieldeds ingle crystalso f3a after several weeks at À30 8C.
Compounds 2a/2b were found to be thermally unstable at room temperature, and slowly convert to the bicyclic B,N-heterocycles 3a/3b shown in Scheme 2o ver the courseo fs everal weeks. This process can be dramatically accelerated using heat, with full conversion observeda fter 16 hours at 80 8Ci n C 6 D 6 and an isolated yield of 75 %. The fused-ring products 3a/ 3b were fully characterizedb yN MR spectroscopy and EA, with their connectivity established by single-crystal X-ray diffraction (see Figure2). As shown in Figure 2 , 3a/3b consist of 1,5,2,4diazadiborepine and 1,4,2-diazaborinine rings that are conjoined at their [2,3-b]B ÀCp eriphery.F ormally,t hese structures are obtainedb y" intercalation" of the imidazole and 1,4,2,3-diazadiborinine rings, whereby one Ba tom insertsi nto the CÀN bond of the NHCs in 2a/2b following hydridet ransfer from boron to carbon, [28] with subsequenti nsertion of the carbene Ca tom into the BÀBb ond of 1.T herefore, these thermal rearrangementsi nvolvet hree different bond activations, namely, BÀHa nd BÀBo nt he 1,4,2,3-diazadiborinine and CÀNo nt he NHCs, and represent the first examples of NHC RERs with a cyclic diborane. Based on previousf indings and computed mechanisms, [35] [36] [37] [38] [39] [40] [41] it is anticipated that the first step in the reaction from 2a/2b to 3a/3b is the transfer of hydride from Bt o the central carbon of the NHC, whichi si na greement with our DFT computed mechanism (vide infra). Due to their 4aH-benzo [7] annulene scaffoldsa nd quaternary C1 atoms, the 1,5,2,4diazadiborepine rings of 3a and 3b adopt pseudo-boatc onformations( B1-C1-B2 = 106.38), with quasi-trans configurations between the Ha toms of B1 and C1 (q H-B1-C1-H = 134.98 in 3a and 131.38 in 3b). Furthermore, the 1,4,2-diazaborinine rings experience slight distortion from planarity,w ith N1-C1-B2-N2 torsion angles of À23.3 and À16.58 for 3a and 3b,r espectively.T he 11 BNMR spectra of 3a and 3b contain two signals which are consistent with an isolated BÀNb ond (B1 = 44 ppm) [42] and aBatom located betweent wo Na toms in a conjugated system (B2 = 29 ppm). [43] These 11 Br esonances suggest that the B1 atoms in 3a/3b are more electron-deficient compared to B2, as increasingly electron-deficient boron species tend to appear at higher frequencies. Heating of 2c under the same conditions does not induce any CÀNb ond activation/RER,w hich is analogoust oo ther works on p-block element hydridea dducts of cAAC Me . [25] To probe the Lewis acidity of the two unique boron atoms in these new B,N-heterocycles, one additional equivalent of NHC Me was added to 3a and 3b,r esulting in the formation of adducts 4a and 4b in moderatey ields (Scheme 3). Monitoring this reaction by 11 BNMR, the B1ÀH1 resonances of 3a/3b disappear,w hereasn ew peaks emerge at À8.8 and À16.8 ppm for 4a and 4b,r espectively.T his assignment is further support- Atomicd isplacemente llipsoids are depicted at 50 %p robability and omitted at the ligand periphery.Hydrogena toms are omittedf or clarity,except for those bound to boron.S elected bond lengths []a nd angles [8] : for 2b B2À B1 1.699(2), B1ÀN1 1.408(2),B 2 ÀN2 1.570(2), B2ÀC1 1.633(2), B1ÀH1 1.12(2), N1-B1-B2 119.0(1), N2-B2-B1 110.4(1), N2-B2-C1 114.1(1), B1-B2-C1 114.6(1), B1-B2-C1-N3 33.5(2);for 2c:B1 ÀH1 1.18(2), N1ÀB1 1.419(4), B1ÀB2 1.678 (5) Atomic displacemente llipsoidsa re depicted at 50 %p robability and omitted at the ligand periphery.Most hydrogen atoms are omitted for clarity.S elected bond lengths []and angles [8] : for 3a:N2 ÀB2 1.443(2), B2ÀN4 1.411(2), N1ÀB1 1.403(2), B1ÀC1 1.574(2), C1ÀB2 1.588(2), C1ÀN3 1.474(2), B1ÀH1 1.11 (2) , N2-B2-C1 116.6(1), B2-C1-B1105. 36(9) , B1-C1-N3 116.5(1), N3-C1-B2 111.72(9), C1-B2-N4 118.9(1), N4-B2-N2 124.5(1), C1-B1-N1 118.7(1), N2-B2-C1-N3 157.0(1), B1-C1-B2-N41 04.1(1), N1-B1-C1-B26 8.3(1), N1-B1-C1-N3 À167.2(1),N 2-B2-C1-B1 À75.5(1), N1-B1-C1-B26 8.3(1), B1-C1-B2-N2 À75.5(1), B2-C1-B1-N1 68.3(1);for 3b:B1 ÀC1 1.564(4), C1ÀB2 1.577(4), B2ÀN4 1.418(4), C1ÀN3 1.473(3), B1ÀN1 1.410(3), N2ÀB2 1.446(3),N 2-B2-C1 116.9(2), B2-C1-B1 106.3(2), B2-C1-N3 113.5(2), N3-C1-B1 114.1(2),C 1-B2-N4120.1(2), N4-B2-N2 123.0(2), N1-B1-C1 120.1(2), N2-B2-C1-B1 À71.2(3), B2-C1-B1-N1 68.0(3), N1-B1-C1-N3 À166.1(2), B1-C1-B2-N4 109.7(3), N2-B2-C1-N31 62.6(2); for 4a:N1 ÀB1 1.539(3), B1ÀC1 1.648(4), C1ÀB2 1.577(4), B2ÀN2 1.443(4), B2À N4 1.426(3), C1ÀN3 1.494(4),B1 ÀC2 1.641(3), N1-B1-C1 112.8(2), N1-B1-C2 115.6(2), C2-B1-C1107.4(2), N2-B2-C1 119.7(2), N2-B2-N4 120.7(2), N4-B2-C1 119.6(2), B2-C1-N3 113.3(2), N3-C1-B1 107.7(2), N1-B1-C1-B26 4.6(3), N1-B1-C1-B2 64.6(3), N1-B1-C1-N3 À167.9(2),B1-C1-B2-N2 À67.7(3), B1-C1-B2-N4 112.3(3), N2-B2-C1-N31 67.8(2), N1-B1-C2-N5 140.9(3),N6-C2-B1-C1 83.1(3). 11 Bs ignal of 4a ( 1 J BH = 78. 6 Hz) . Singlec rystalso f4a were obtainedb ys low evaporation of as aturated Et 2 Os olution at À30 8C, with its X-ray structure shown in Figure 3 . All attempts to crystallize 4b failed. The bonding parameters of 4a are very similar to those of 3a,w ith the diazadiborepine retaining a pseudo-boat conformation (B1-C1-B2 = 115.08). The only major difference is the tetrahedral B1 atom, which changes the quasi-trans configuration of H-B1-C1-Ht oas taggeredc onformation (q H-B1-C1-H = 63.58). The preferentialb inding of NHC Me to B1 in 3a/3b confirms that these boron atoms are more electron-deficient than the respective B2 atoms. This is likely because B2 is sandwiched between two Na toms, whicha re both capable of donating electron density to boron.
To elucidate the reactionm echanism leading to 3a/3b from cis-diborane(4) 1 and NHC Me/Mes ,d ensity functional theory (DFT) calculations were carried out at the PBEPBE/def2-SVP level of theory.T he calculated reaction profiles are shown in Figure 3 . The initial step of these reactions involve the formation of the adducts 2a/2b,w hich are both slightly more stable than the startingr eagents (À11.2 and À6.8 kcal mol À1 for NHC Me and NHC Mes ,r espectively). Next, the hydride bound to the tetrahedral boron atom migrates to the central carbene C, resulting in the formation of Int1.I nt he case of NHC Me ,t his step is ratelimiting,w itha na ctivation barrier of 28.9 kcal mol À1 relative to 2a.T he intermediates Int1 are close to another transition state, wherein the boron atoms bound to the carbene centers insert into the CÀNb onds of the NHCs, resulting in the spirostructures Int2.D ue to its bulky Mes groups,t his step is rate-limiting for NHC Mes with E a = 26.9 kcal mol À1 relative to 2b.F inally,t he carbene Ci nsertsi nto the BÀBb ond of Int2,w hich is almostb arrierless for NHC Me and slightly uphill for NHC Mes (12.8 kcal mol À1 ). This results in the formationo ft he final products 3a/3b,w ith the overall reactions being exergonic by % 40 kcal mol À1 .
Conclusions
We have shown that 1,4,2,3-diazadiborinines can form adducts or BÀHi nsertion products with strongly electron donating carbenes.T he NHC adducts of 1,4,2,3-diazadiborinines are thermally unstablea nd undergor ing-expansion reactions upon gentle heating over the course of several hours. This previously unknown reactivity of BN-embedded aromaticsp rovides the first examples of RERs between ac yclic diborane and NHCs. The resulting B,N-heterocycles, whichw erei dentified by single-crystal X-ray diffraction, consist of fused 1,5,2,4-diazadiborepine and 1,4,2-diazaborinine rings, and can be thought of as doublyB ,N-doped 4aH-benzo [7] annulenes. The mechanism of this transformation was determined computationally,s uggesting that the initial steps of the reactiona re analogous to those of known RERs (BÀH/CÀNb ond activation), with subsequent insertion of the carbene carbon atom into the BÀB bond of the diazadiborinine, leading to the novel B,N-heterocyclic products. Consistent with previousf indings, the cAAC Me BÀ Hi nsertion products of the 1,4,2,3-diazadiborinine are thermally stable even at elevated temperatures. Attempts to expand this reactivitypattern to various other B,N aromatics is ongoing in our laboratory,and will be reported in due course.
Experimental Section
NMR spectra of all compounds, crystallographic details, and theoretical details/structures can be found in the Supporting Information. CCDC 1923561, 1923562, 1923563, 1923564, 1923565 (2c, 3a, 3b , 4a, 2b)c ontain the supplementary crystallographic data for this paper.T hese data are provided free of charge by The Cambridge Crystallographic Data Centre. All reactions were performed under an atmosphere of dry Ar using standard Schlenk line or glovebox techniques. Deuterated benzene and toluene were degassed by three freeze-pump-thaw cycles and dried over molecular sieves. Other solvents were dried by distillation from potassium (benzene, THF) under an Ar atmosphere and stored under Ar over activated 4 molecular sieves. Compounds 1, [31] NHC Me , [44] NHC Mes , [44] and cAAC Me [45] were synthesized according to literature procedures. NMR spectra were obtained from aB ruker Avance5 00 NMR spectrometer ( 1 Ha nd 1 H{ 11 B}: 500.1 MHz, 13 C{ 1 H}: 125.8 MHz; 11 B: 160.5 MHz) at 298 K, if not stated otherwise. Chemical shifts (d)a re given in ppm and internally referenced to the carbon nuclei ( 13 C{ 1 H}) or residual protons ( 1 H) of the solvent. 11 BNMR spectra were referenced to external standard BF 3 ·OEt 2 .M icroanalyses (C, H, N) were performed on an Elementar vario MICRO cube elemental analyzer.L ow carbon analyses were observed for some of the boron-containing products, likely due to the formation of refractory boron carbide (BC) during analysis. [46] Synthetic Procedures
